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We report on the properties of Nd-substituted bismuth titanate Bi4− xNdxTi3O12 (BNdT) thin films for ferroelectric non-volatile memory
applications. The Nd-substituted bismuth titanate thin films fabricated by modified chemical solution deposition technique showed much
improved properties compared to pure bismuth titanate. A pyrochlore free crystalline phase was obtained at a low annealing temperature of 640 °C
and grain size was found to be considerably increased as the annealing temperature increased. The film properties were found to be strongly
dependent on the Nd content and annealing temperatures. The measured dielectric constant of BNdT thin films was in the range 172–130 for
Bi4− xNdxTi3O12 with x=0.0–0.75. Ferroelectric properties of Nd-substituted bismuth titanate thin films were significantly improved compared to
pure bismuth titanate. For example, the observed 2Pr and Ec for Bi3.25Nd0.75Ti3O12, annealed at 680 °C, were 38 μC/cm
2 and 98 kV/cm,
respectively. The improved microstructural and ferroelectric properties of BNdT thin films suggest their suitability for high density ferroelectric
random access memory applications.
© 2006 Elsevier B.V. All rights reserved.PACS: 61.10.Nz; 68.37.HK; 81.20.Fw
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Ferroelectric materials have been studied widely for the
application of ferroelectric random access memory (FeRAM)
[1]. Among them, lead titanate zirconate films (PbZrxTi1− xO3,
PZT) have been known as promising candidates for FeRAM
applications due to their large remnant polarization and low
processing temperature [2]. PZT films are however unfavorable
for the application of FeRAM because of the health and envi-
ronmental concerns and the severe fatigue problem. Another
ferroelectric material such as strontium bismuth tantalite
(SrBi2Ta2O9, SBT) was also considered a potential candidate
for FeRAM applications, which showed fatigue-free properties
under the repeated switching cycles. However, the low⁎ Corresponding author. Tel.: +886 3 571513133888.
E-mail address: d883530@alumni.nthu.edu.tw (Y.-C. Chen).
0040-6090/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2006.02.016remanent polarization (2Pr ∼10 μC/cm2) and high crystalliza-
tion temperature (Ts ∼750 °C) of SBT would limit its
application in high density FeRAM. Recent studies on
lanthanide-substituted bismuth titanate (Bi4 − xLnxTi3O12,
BLnT, Ln=La, Sm, Nd, Pr) thin films have indicated that
BLnT would be another promising candidate [3–6]. Similar to
SBT, BLnT films show fatigue-free over 3×1010 switching
cycles but with much larger polarization (2Pr=16–40 μC/cm
2).
Moreover, BLnT films can be fabricated at low temperature
(below ∼650 °C), which is compatible to Si-based integrated
circuit technology.
Bismuth titanate (Bi4Ti3O12, BiT) belongs to a class of
Aurivillius phases with layer intergrowth structures consisting
of alternate stacking of perovskite-like (Bi2Ti2O10)
2+ and
fluorite-like (Bi2O2)
2+ layers [7]. BiT is a pseudo-orthorhombic
structure with the lattice constant along the c-axis considerably
larger the other two (a=0.544 nm, b=0.541 nm, c=3.284 nm).
The polar axis of BiT must be on the a–c plane, due to crystal
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Fig. 1. XRD spectra of Bi4− xNdxTi3O12 with various Nd contents (x=0, 0.30,
0.50, and 0.75) annealed at 640 °C.
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from experiment measurement and theoretical calculation [8].
As a result, BiT films with strong c-axis texture normally show
negligible polarization, and a large polarization when they were
measured along the a-axis texture. With the addition of lan-
thanide element, BLnT appears with the same crystal symmetry
and polarization scheme as BiT, although the distortion of TiO6
octahedrons may alter slightly [8,9].
In practical applications, it is highly desirable to fabricate
BLnT films with strong texture along the polar axis in order to
have high polarization. Due to the highly anisotropic crystal
structure of BLnT, the orientation control of polycrystalline
BLnT films is however difficult and has not been closely
examined. In this article, neodymium-substituted bismuth tita-
nate (i.e., Bi4− xNdxTi3O12, BNdT) were synthesized by chem-
ical solution process for different compositions (x=0, 0.30,
0.50, and 0.75). BNdT thin films were deposited on Pt-coated
substrate by spin-coating process. Materials were character-
ized using X-ray diffraction and Raman spectroscopy. The Nd
substitution affected notably the crystallization quality of
BNdT films, which resulted in different ferroelectric property
of films.
2. Experimental details
Bi4− xNdxTi3O12 (BNdT) thin films with different Nd doping
contents (x=0, 0.30, 0.50, and 0.75) were prepared on Pt/TiO2/
SiO2/Si(100) substrates using chemical solution deposition. The
precursor solutions were 0.25-M sol made by dissolving
bismuth nitrate, neodymium nitrate and Ti-(diisopropoxide)
bis(2,4-Pentanedionate) in 2-methoxyethanol at room temper-
ature. A 10-mol% excess of bismuth nitrate was also added to
compensate for possible bismuth loss during the high tem-
perature process. Spin-coating was performed at 2500 rpm for
25 s, and subsequently was baked at 325 °C for another 5 min.
Crystallization of coated films was then performed at 640, 680
and 720 °C with rapid thermal annealing at a ramping rate of
60 °C/s for 5 min. To obtain the desired thickness (∼220 nm) of
BNdT films, the spin-coated, baked, and crystallized processes
were repeated several cycles. The crystal and surface structures
of BNdT films were examined using X-ray diffractometer
(XRD), Raman scattering measurement, and scanning electron
microscope (SEM). XRD measurement was accomplished
using the θ–2θ scan mode of X-ray powder diffractometer,
Rigaku D/Max II B, with Cu Kα radiation. The working current
and voltage are individually 20 mA and 30 kV. In our work, the
working voltage of JSM 6500F field emission scanning electron
microscope (FESEM) made by JEOL was 15 kV. Raman spectra
were recorded in backscattering geometry using JY 64000 triple
monochromator. An optical microscope with a 80× objective
was used to focus the 514.5 nm excitation radiation from a
Coherent Innova 99 Ar+ laser and to collect the scattered
radiation. The scattered signal was detected by a charge-coupled
device detection system. Ferroelectric and dielectric character-
izations were performed on BNdT capacitors of 4×10−4 cm2,
defined by the top Au electrode, using an RT66A ferroelectric
tester fabricated by Radiant. Technologies, Inc. and HP4284inductance–capacitance–resistance meter (HP 4284 LCR
analyzer).
3. Results and discussion
The properties of present BNdT thin films are discussed in
two sections. First, the structural properties of BNdT thin films
are discussed in general. The effect of post-deposition an-
nealing temperature and Nd content on the films has been
analyzed. In the second section, dielectric and ferroelectric
properties of BNdT films are presented, followed with a brief
discussion of the optimum condition of BNdT for memory
applications, based on structural, dielectric, and ferroelectric
properties.
3.1. Structural
As pyrolyzed Bi4− xNdxTi3O12 thin films (∼325 °C) were
found to be amorphous in nature. The post-deposition annealing
of the films was carried out in atmosphere to impart
crystallinity. Fig. 1 is the XRD patterns of Bi4− xNdxTi3O12
with various Nd contents (x=0, 0.30, 0.50, and 0.75) annealed
at 640 °C. The films were deposited with the same procedure
and were of the same thickness. As shown in the figure, all films
were crystallized with layered perovskite phase, predominantly
with (117) and (100) grains, and without observable pyrochlore
phase. Moreover, the decrease of diffraction peaks intensity and
the increase of their full width at half maximum indicate a
degradation of the crystallinity of the films when the Nd content
increases.
Fig. 2 shows the typical effect of annealing temperature on
the structure of Bi4− xNdxTi3O12 thin films. In the figure, a
drastic change of crystallization behavior, especially for those
films with low Nd content, is found as the annealing
temperature increases. For example, the pure bismuth titanate
(x=0) is crystallized predominantly with off-c-axis grains at
640 °C but turns into strong c-axis texture by increasing the
annealing temperature to just 680 °C. The population increase
of c-axis grains at higher annealing temperature is also found in
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Fig. 2. XRD spectra for (a) BiT, (b)BNdT (x=0.30), (c) BNdT (x=0.50), and (d) BNdT (x=0.75) films annealed at different temperatures.
333Y.-C. Chen et al. / Thin Solid Films 513 (2006) 331–337the films with high Nd content, but the effect seems to be
suppressed as the Nd content increases.
As the thin film crystallization is known to proceed with the
nucleation and grain growth, the result clearly suggests that the
drastic change of crystallization behavior of Bi4− xNdxTi3O12
may be caused by the change of nucleation of preferential
grains from off-c-axis to c-axis oriented. It is easy to explain
the dominant nucleation with c-axis oriented grains as the
surface energy of (001) plane is the lowest for the highly
anisotropic Bi4− xNdxTi3O12 structure. However, the same
surface energy consideration does not support the dominance
of off-c-axis grains to occur at low annealing temperature. One
possible explanation is that a metastable fluorite-like phase may
have nucleated first due to its simpler crystal structure and
limited migration of atom at low temperature, which tends to
convert more easily into off-c-axis grains of perovskite phase
[10–13].
The surface morphology of the Bi4− xNdxTi3O12 thin films
was analyzed by scanning electron microscopy (SEM). Fig. 3
shows the SEM micrographs of Bi4− xNdxTi3O12 as a function
of annealing temperature for x=0 and 0.75, respectively. The
grain size was found to be significantly enlarged as the an-
nealing temperature increases. Compared the films with x=0
and 0.75 annealed at the same temperature, 640 °C for
example, it was also found that the Nd addition tends tosuppress the grain growth. These results are consistent with the
XRD results where a decrease in peak sharpness and intensity
was observed with the Nd addition. In addition, it seems that
different oriented grains appear with different grain shapes.
For example, the pure bismuth titanate (x=0) film annealed at
720 °C is highly c-axis textured and the composing grains are
plate-like. In contrast, the Bi3.25Nd0.75Ti3O12 film is populated
mainly with elongated grains when it shows the strong off-
c-axis diffractions, and turns into plate-like grains as the film
shows strong c-axis diffractions. A further confirmation is de-
monstrated with Fig. 4 in which it consists of nearly elongated
grains of the Bi3.5Nd0.5Ti3O12 film annealed at 680 °C that
shows negligible c-axis diffractions. In addition to the shape, it
is also noted that the size of c-axis grains is considerably larger
than that of the off-c-axis grains. This apparently can be at-
tributed to the different growth rate of the facet caused by the
anisotropic crystal structure.
The crystal structure of bismuth titanate consists of a
(Bi2Ti3O10)
2− slab composed of three perovskite-like units, i.e.
TiO6 octahedral, being sandwiched between two (Bi2O2)
2+
layers along the c direction. To study the doping effect of Nd-
substituted bismuth titanate thin films on crystallization
behavior, a different structural analysis was provided with the
Raman scattering spectrometry. Fig. 5 shows the Raman spectra
derived from the Bi4− xNdxTi3O12 film annealed at 640 °C.
BA
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Fig. 3. SEM photographs of BiT and BNdT (x=0.75) films: (a) and (b) samples annealed at 640 °C; (c) and (d) samples annealed at 680 °C; (e) and (f) samples
annealed at 720 °C.
334 Y.-C. Chen et al. / Thin Solid Films 513 (2006) 331–337From low to high frequency, Raman shift peaks at 66 cm−1
(peak A), 75 cm−1 (peak B), 260 cm−1 (peak C), 540 cm−1
(peak D), and 850 cm−1 (peak E) are clearly visible from the
figure. They resulted from two different vibration modes of the
crystal; the first two are from the bismuth displacements of
(Bi2O2)
2+ fluorite-like layers in the pure bismuth titanate, and
the other three are from the internal vibration of TiO6
octahedral of perovskite unit ((Bi2Ti3O10)
2− slab) [14–19]. InFig. 4. A SEM photograph of BNdT (x=0.50) films that were annealed at
680 °C.Bi4− xNdxTi3O12, the modes from fluorite-like layer would
have different shifts if Nd additive is incorporated in the fluorite-
like layer due to the appreciable mass difference between Nd and
Bi. Nevertheless, this was not found in the spectra suggesting0 200 400 600 800 1000
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Fig. 5. Raman spectra of BNdT films with various Nd contents (x=0, 0.30, 0.50,
and 0.75) annealed at 640 °C. A and B peaks are representative of the Bi2O2
layer. C, D and E correspond to TiO6 octahedral.
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335Y.-C. Chen et al. / Thin Solid Films 513 (2006) 331–337that Nd additives are mainly stayed in the perovskite units [14].
Moreover, it seems the peaks from the internal vibration of TiO6
octahedrons decrease as Nd content increases, indicating the
perovskite unit is more difficult to form with the Nd addition.
Such an effect may explain the retardation of crystallization
observed in Nd-substituted bismuth titanate films.
In summary, several features were revealed from the
structural analysis. First, there is a transition of nucleation as
the annealing temperature increases. At low temperature, the
nucleation is dominated with off-c-axis grains, while the
nucleation is dominated with c-axis grains at high temperature.
Such a transition is retarded by the Nd addition. The shape and
grain size for the different oriented grains are also drastically
different due to the anisotropic growth rate of different facets.
From Raman scattering analysis, it is also found that Nd ad-
ditives are stayed mainly in the perovskite units, which tend to
impede their formation.-20
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Fig. 7. Polarization hysteresis loops for (a) BiT, (b)BNdT (x=0.30), (c) BNdT (3.2. Dielectric and ferroelectric properties
The dielectric properties of Bi4− xNdxTi3O12 films were
analyzed in terms of dielectric constant εr and dissipation factor
tanδ by applying a small ac signal of 50 mV amplitude. The
amplitude of applied signal was kept low to minimize the
domain contribution so that the dielectric constant obtained
does not regard polarization state in the material. Fig. 6 shows
the dielectric constant and tanδ as a function of frequency for
Bi4− xNdxTi3O12 films annealed at 680 °C. At the frequency of
10 kHz, the dielectric constant is 130, 132, 172, and 156
respectively for Bi4− xNdxTi3O12 films with x=0, 0.3, 0.5, and
0.75. The dielectric constant does not seem to depend directly
on the Nd content. Instead, the dielectric constant was found to
decrease with the increasing population of c-axis grains of the
film. The result is consistent with the orientation-dependent
dielectric constant observed from the single crystalline bismuth
titanate bulks [20]. The dielectric response at low frequency
regime provides important information about film/electrode
interfacial characteristics. In the figure, there is a surge of
dielectric response for the frequency less than 100 Hz for the
pure bismuth titanate film indicating a significant contribution
of space charge from the electrode interface. The magnitude of
the surge appeared to decrease as the Nd content of the films
increases suggesting an improvement of interfacial quality with
the Nd addition.
Ferroelectric hysteresis measurements were conducted on
Bi4− xNdxTi3O12 films in metal–ferroelectrics–metal configu-
ration at room temperature using the virtual-ground mode of
RT66A ferroelectric tester. Fig. 7 shows the polarization
hysteresis loops measured from Bi4− xNdxTi3O12 films annealed
at various temperatures. From the figure, the double remanent
polarization was extracted and replotted against Nd content of
the films for each annealing temperature, as shown in Fig. 8. InBNdT(x=0.30)
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336 Y.-C. Chen et al. / Thin Solid Films 513 (2006) 331–337general, the quality of a ferroelectric material is characterized
with its ferroelectric response that is the squareness of the
hysteresis loop and the magnitude of remnant polarization.
From Figs. 7 and 8, it is clear that the ferroelectric response for
all Bi4− xNdxTi3O12 films annealed at 640 °C is poor. In
addition, the ferroelectric response of films with low Nd content
(x=0.0 and 0.3) is not improved by raising the annealing
temperature. In contrast, a drastic improvement of ferroelectric
response was found for Bi4− xNdxTi3O12 films with high Nd
content (x=0.5 and 0.75) as the annealing temperature was
increased to 680 °C. Nevertheless, 680 °C seems to be the
optimum annealing temperature for these films as their ferro-
electric response became worse when the annealing temperature
was further increased to 720 °C.
The above results indicate that the ferroelectric response of
Bi4− xNdxTi3O12 films is critically dependent on the compo-
sition and the annealing temperature. It has been established
that a critical grain size is required to get good ferroelectric
response; consequently, the poor ferroelectric response of
Bi4− xNdxTi3O12 films annealed at 640 °C is likely caused by
the small grain size of these films [21,22]. This is particularly
clear from the grain size difference of Bi3.5Nd0.5Ti3O12 films
annealed at 640 and 680 °C. Both films are mainly populated
with off-c-axis grains, but the grain size of the former is
considerably less than that of the latter. Accordingly, the re-
manent polarization is nearly zero for the 640 °C-annealed,
while it reaches 34 μC/cm2 for the 680 °C-annealed film. In
addition, the population ratio of the off-c-axis to c-axis grains
of the films is also an important factor for high remnant
polarization. Since the polar axis of Bi4− xNdxTi3O12 is be-
lieved to lie nearly perpendicular to the c-axis, it is impossible
to have high remnant polarization for the highly c-axis textured
Bi4− xNdxTi3O12 films. This explains the poor ferroelectric
response of low Nd content films annealed at high tempera-
ture, in which the grains are fairly large and mainly c-axis
oriented. The same factor also accounts for the decrease of
ferroelectric response for the films with high Nd content when
they were annealed at the temperature higher than 680 °C. It is
also interesting to note that the remanent polarization is higher
for the films with x=0.75 (2Pr =38 μC/cm
2) compared to thefilm with x=0.5 (2Pr =34 μC/cm
2) when they were both
annealed at 680 °C. The thing is anomalous because, based on
the XRD result, the population fraction of off-c-axis grains is
higher for the film with x=0.5. Such a phenomenon may have
to do with the different population of b-axis grains in these two
films. Due to the almost identical lattice constant along a- and
b-axis (a=0.544 nm, b=0.541 nm) and the pseudo-ortho-
rhombic structure of Bi4− xNdxTi3O12, a-axis and b-axis grains
are almost indistinguishable in X-ray diffraction. Since the
polar axis lies very close to the a-axis, the contribution to the
film's polarization from a-axis grains (∼100%) is considerably
larger than that from the b-axis grains (∼0%). It is therefore
possible that the higher remnant polarization observed from
the film with x=0.75 may be a result from the lower population
of b-axis grains of the film.
4. Conclusion
We report on the properties of Nd-substituted bismuth tita-
nate Bi4− xNdxTi3O12 (BNdT) thin films for ferroelectric non-
volatile memory applications. The Nd-substituted bismuth
titanate thin films fabricated by modified chemical solution
deposition technique showed much improved properties
compared to pure bismuth titanate (BiT). For example, the
observed 2Pr and Ec for Bi3.25Nd0.75Ti3O12, annealed at 680 °C,
were 38 μC/cm2 and 98 kV/cm, respectively. The main effect of
Nd addition is to retard the crystallization by inhibiting the
formation of perovskite unit and the nucleation with c-axis-
oriented grains; consequently, ferroelectric properties of Nd-
substituted bismuth titanate thin films were significantly
improved. The improved microstructural and ferroelectric pro-
perties of Bi4− xNdxTi3O12 thin films suggest their suitability for
high density FeRAM applications.
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